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Introduction
It is well known that various phenomena between the wheel and the rail e.g., adhesive coefficient, wear, and shunting of track circuit depend on interfacial substances and/or surface oxide and lubricant layers produced by train operation and environmental conditions [1] [2] [3] .
Iron oxide (i.e. "rust") with various friction coefficients is one of the most common substances present on the rail surface in contact with wheels. For example, oxyhydroxides (FeOOH) have several types of crystal structure and characteristics according to the types: a-type (aFeOOH), b-type (b-FeOOH), g-type (g-FeOOH), amorphous type and so on, which are commonly found on the rail surface as "red rust." According to some sliding tests, it has been shown that b-FeOOH which is generally generated in a humid and salty environment such as undersea railway tunnels has a relatively lower friction coefficient than a-FeOOH and g-FeOOH which are generally generated in other humid environments such as mountain railway tunnels [4] . One example of a wheel/rail contact phenomenon, resulting from various friction characteristics of rust, is rail corrugation generated only on ascending slopes in undersea railway tunnels. It has been presumed that one of the main causes of this rail corrugation is the slight longitudinal roll-slip oscillation caused by the low friction coefficient of rust including b-FeOOH generated on the rail surface [5] . On the other hand, wheel/rail lubricants such as lubricating oil, grease and solid lubricants are also among the substances between wheel and rail, and are used for lowering lateral force, wear and noise between wheel and rail [6, 7] .
In order to consider a countermeasure to prevent these rail corrugations, which are caused by rust with various friction coefficients and to examine an effective application of wheel/rail lubricants, it is indispensable to identify and quantify interfacial substances between wheel and rail such as rust and lubricants which have an impact on wheel/rail adhesion. By applying an in situ analytical method to the field test, it is expected that insight may be obtained about the interfacial substances on the rail surface immediately on the spot of an actual railway track without transformation of the samples during the interval from the sampling until the analysis. Moreover, it can provide some information of the growing process and/or decreased proportion of the rust layer at the same spot as well as information of the distribution of lubricants on the rail surface. Previously, reports have been produced on the possibility of applying infrared absorption spectroscopy (IR) and Raman scattering spectroscopy (RAMAN) to in situ analysis of rust generated on the rail samples which were placed by the side of a track in mountain and undersea railway tunnels for six months [8] . And we also reported that in situ RAMAN analysis would be applicable for investigating lubricating oil and grease. This paper reports on some experimental investigations of in situ X-ray analysis, that is X-ray diffraction analysis (XRD) for iron rust and X-ray fluorescence analysis (XRF) for wheel/rail lubricants. However, normally X-ray analyzers are too large for use on real tracks so a portable X-ray analyzer called "XRDF" was employed with a fixture for setting the XRDF head above the rail top by making it over stride the rail.
Outline of XRDF
The portable XRDF used in this study was originally developed in order to conduct non-destructive tests on ruins and cultural assets such as the Pyramids [9] . By using XRDF, multiple analyses consisting of crystallographic analysis by XRD and elemental analysis by XRF are possible at the same very narrow analytical spots (2-6 mm of Xray beam diameter). Although general X-ray analyzers are too large to use directly on the tracks, XRDF can be transported to the track side easily because the XRDF system is only about 50 kg in weight. In addition, since there are few limits to the size and shape of the examination object, the XRDF analysis is very suited to analyzing the adhesive Yoshiyuki NAKAJIMA RIKEN KEIKI Co., Ltd.
substances on the actual rails.
Measurement of iron rust

Experiments
The rust was generated by spraying 3 % sodium chloride (NaCl) water continuously for 20 minutes on the RTRI test track about 1 km long in total. The maximum speed was set at 45 km/h. Then XRDF analysis was carried out on these rusted rails. As part of this study, a fixture for setting the XRDF head above the rail top by making it over stride the rail was also designed, in order to prepare the equipment for effective analysis of actual rails. Figure 1 shows an overview of the portable XRDF analysis equipment on the actual track. As shown in Figs. 1(a) and 1(b), for analysis of the rail top along tangent track, the XRDF head was set just above the rail top. For analysis of the gauge corner of the high rail in a curved track, the XRDF head was inclined by 30 degrees to the perpendicular, as shown in Fig. 1 
(c).
A test railcar (R291 series electric railcar with two vehicles) shuttled five times on the rusted rail under three sets of running condition. Each set of conditions consisted of three running parameters, namely track locations, running speed and vehicle operation, as shown in Table 1 . The XRDF analysis was carried out at the same analysis location of the rail after the first and fifth shuttle of the test vehicle. It was then possible to consider the effect of running conditions on the tendency for iron rust to decrease due to passage of the vehicle. Figure 2 shows the XRD patterns of the test rails before and after spraying NaCl water obtained from the XRDF analysis. The horizontal axis shows the angle between the incident X-ray and the diffracted X-ray (converted into CuKa). The vertical axis shows, as percentage, the relative intensity of diffracted X-ray normalized by the peak intensity of iron substrate which is located at 2q = 44.8°. Three types of rust i.e., a-FeOOH, g-FeOOH and Fe 3 O 4 (magnetite) were generated on the top of the test rail before spraying NaCl water. It is considered that they compose a thin and strongly pasted oxide layer which is compressed by wheels. On the test rail after spraying NaCl water, b-FeOOH was generated additionally as part of the artificially produced rust independently of wheel action. Figure 3 shows the XRD patterns of the top of the rusted rail in a tangent track, before the first shuttle run and after the first and fifth shuttle runs of the test train at relatively high running speed with driving and braking defined as "No.1" in Table 1 . And Fig. 4 shows the decreased proportion of relative X-ray intensity of a-FeOOH (located at 2q = 21.1 -21.4°), g-FeOOH (located at 2q = 14.0 -14.2°) and b-FeOOH (located at 2q = 11.2 -11.8°) due to the passage of the test vehicle. It was shown that a-FeOOH and g-FeOOH did not decrease after passage of the test vehicle. On the other hand, b-FeOOH decreased even after the first shuttle of the test vehicle, and finally its peak almost disappeared after the fifth shuttle. It is considered that bFeOOH would be easily removed by the passage of rolling wheels, because it was the artificially produced rust which had not been compressed into the rail by the wheels, contrary to a-FeOOH and g-FeOOH, which adhere to the rail surface strongly as a residual preexistent oxide layer.
Result and Discussion
Analysis of the rail samples sprayed with NaCl water
Analysis of the rail after running of the test vehicle (running set of conditions 1)
Analysis of the rail after running of the test ve-
hicle (running set of conditions 2) Figure 5 shows the XRD patterns of the top of the rusted rail along tangent track, before the first shuttle run and after the first and fifth shuttle runs of the test train at relatively low speed with free-rolling defined as "No.2" in Table 1 . Figure 6 shows the decreased proportion of relative X-ray intensity of a, b, g-FeOOH due to the passage of the test vehicle. Under these running conditions none Shuttle of the test vehicle of the FeOOH types of rust decreased after running of the test vehicle. When the vehicle free-rolls, there is relatively less slip traction between the rolling wheels and the rail than with accelerating or braking. Hence it was hard to remove the adhesive substances on the rail surface even if it was improvised rust. Figure 7 shows the XRD patterns of the gauge corner of the high rail in a curved track, before the first shuttle run, and after the first and fifth shuttle of the test train at relatively low speed with driving and braking defined as Table 1 . And Fig. 8 shows the decreased proportion of relative X-ray intensity of a, b, g-FeOOH due to the passage of the test vehicle. In this running condition, all types of FeOOH were easily removed by the passage of the test vehicle. At the high rail in a curved track, the flange of the wheel comes into direct contact with the gauge corner and relatively large slip traction occurs. Hence a-FeOOH and g-FeOOH which adhere to the rail surface strongly as a residual preexistent oxide layer were easily removed by the passage of the test vehicle. According to in situ analyses of a rusted rail using the portable XRDF, it was concluded that the tendency for iron rust due to decrease with the passage of the vehicle depended on the type of rust layer, the location on and layout of the track, running speed and vehicle operation. Namely, a new rust layer generated by short-term rainfall or dew condensation could be easily removed. In contrast, the oxide layers which adhere to the rail surface strongly due to relatively long-term beating by wheels were not removed by means of several passages of the vehicles alone. The adhesive substances on the gauge corner were removed by wheels more easily than those on the rail top. Moreover, the effect of removing the adhesive substances on the rail surface is larger when the vehicles are operated with driving and braking than when the vehicles are operated with free-rolling. 
Analysis of the rail after running of the test vehicle (running set of conditions 2)
Fe
In the case of the rail corrugation in undersea railway tunnels, it is considered that fresh layers of rust including b-FeOOH develop due to the humid and salty environment after passage of the last train. The rail corrugation is thought to appear when a first train with acceleration runs along an ascending slope. Slight longitudinal roll-slip oscillation occurs due to the relatively low friction coefficient of b-FeOOH as the rolling wheels remove the rust layer. Further insight into the mechanism of rail corrugation, including the process behind rust layer generation and the correlation between rust and friction coefficients could be gained through more studies employing in situ XRDF analysis to rails in undersea railway tunnels.
Measurement of wheel/rail lubricant
Experiments
3.5 ml of thick wheel/rail lubricant (or "friction modifier") including molybdenum disulfide (MoS 2 ) were applied as solid lubricant onto the top of the rail of a straight section of track. The lubricated area was 3 m long which is equivalent to the circumference of the wheel. Then the test railcar (R291 series electric railcar with two vehicles) was driven in one direction immediately after the lubricants were applied, drawing out the lubricants in the running direction of the test vehicle. The amounts of molybdenum (Mo) and sulfur (S) were measured by the XRF analysis using a portable XRDF for the top of the rail at points located 0 m, 5 m, 10 m and 15 m away from the point where the lubricants were applied. Figure 9 shows the XRF pattern of the point where the lubricants were applied (0 m) after the passage of the test vehicle. The horizontal axis shows the energy of the fluorescent X-ray. The vertical axis shows, as percentage, the relative intensity of the fluorescent X-ray normalized by the peak intensity of iron (FeKb). The peaks of Mo and S, which originate from MoS 2 were observed. In addition to these two elements, iron (Fe), chromium (Cr), silicon (Si), calcium (Ca) and titanium (Ti) were observed. It is consid- Relative X-ray intensity (%)
Result and Discussion
Shuttle of the test vehicle ered that Fe and Cr originated from the rail and that Si, Ca and Ti originated from lubricants and/or dust from the soil. Then we examined the amount of lubricants adhering to the rail from the relative fluorescent X-ray intensities of Mo and S as "tracer elements," which originate only from the lubricants. Figure 10 shows the relative fluorescent Xray intensities of Mo and S on the top of the rail at points 0 m, 5 m, 10 m and 15 m away from the point where the lubricants were applied. The amount of lubricant adhering to the rail at 15 m was about half that found at 0 m. It is considered that the lubricants can be drawn out over a distance of 15 m or more by the vehicle running only once and in one direction. The field test would be useful provided that in situ XRDF analysis was applied to the actual rails, where the wheel/rail lubricants had been applied or the application of the wheel/rail lubricant was being considered because it would reveal the characteristics of the spreading of lubricants. More investigations into the frictional properties of lubricants, lateral force and ambient noise when the rolling wheels pass on the lubricated rail could provide insight into more effective operation of a wheel/rail lubrication system, such as data about the spread of the lubricants and information which could point to optimal location of lubricating devices.
Conclusions
This paper proposes in situ analysis of interfacial substances between the wheel and the rail such as various types of rust on the rail surface and wheel/rail lubricants, applying XRD and XRF analysis with a portable XRDF. As a result of on-site experimental investigations with XRD analysis of iron rust and in situ XRF analysis of wheel/rail lubricants, it was revealed that:
(1) The tendency for iron rust to decrease due to the passage of the vehicle depends on the type of rust layer. (2) The wheel/rail lubricants can be drawn out over a distance of 15 m or more by the vehicle running only once and in one direction. In situ analysis including the XRDF, IR and RAMAN analyses will be one of the most useful tools for providing meaningful information about various wheel/rail phenomena.
